We present a detailed phenomenological study of W -boson production in association with a jet through next-to-next-to-leading order (NNLO) in perturbative QCD. Fiducial cross sections and differential distributions for both 8 TeV and 13 TeV LHC collisions are presented, as are results for both the inclusive one-jet bin and the exclusive one-jet bin. Two different event selection criteria are considered: a general selection with standard cuts used in experimental analyses, and a boosted selection that focuses on high transverse momentum jets. We discuss the higher-order corrections in detail and identify for which observables and phase space regions the QCD perturbative expansion is under good theoretical control, and where additional work is needed. For most distributions and phase space regions the QCD perturbative expansion exhibits good convergence after the inclusion of the NNLO corrections.
I. INTRODUCTION
The production of W -bosons in association with jets plays a key role in the physics program of the Large Hadron Collider (LHC). The accessible jet transverse momenta in this process extend beyond 1 TeV, allowing the predictions of the electroweak sector of the Standard Model to be tested in a previously inaccessible energy range. Electroweak perturbative corrections become large in this region due to Sudakov logarithms that grow with energy.
Their interplay with perturbative QCD effects becomes important and interesting to explore. In addition to these motivations, W -boson plus multi-jet production is a dominant background to signals for supersymmetry, while W -boson production with one or more jets serves as an important background to dark matter production in the mono-jet channel.
Numerous theoretical studies of the W +jet process at higher orders in perturbation theory have been performed over the years. The next-to-leading order (NLO) corrections in the strong coupling constant have been known for some time [1] . The NLO electroweak corrections were considered in Ref. [2] . The leading threshold logarithms beyond NLO in QCD have been considered [3] . Recently, a merged NLO QCD+electroweak prediction for W -boson in association with one, two or three jets was obtained [4] . Despite this significant progress, additional theoretical work is needed. Large uncertainties still plague this process in certain kinematic regions. At high transverse momenta, the contribution of di-jet events with the emission of soft and/or collinear gauge bosons leads to the appearance of NLO QCD corrections that reach a factor of 100 or more [5, 6] . Although these large shifts can be removed by imposing a jet veto on events with two or more jets, such a veto leads to large logarithms that grow with energy [7] . The exclusive W +jet cross section is itself interesting to understand, as it is similar to exclusive jet-bin cross sections important in Higgs boson searches [8] . Methods for resumming jet-veto logarithms can therefore be validated using the W +jet process. Measurement of the W +jet process at high transverse momentum aids in the development and validation of jet substructure techniques [9, 10] . For all of these reasons, we must bring the perturbative series for W +jet under better theoretical control, in order for this process to serve as a precision benchmark for LHC studies.
Recently, the full next-to-next-to-leading order (NNLO) QCD corrections to the W +jet process were obtained [13] . This calculation represents the first precision QCD prediction with a reliable theoretical error estimate for this process. Although various approximations reproduce the high-energy region where giant K-factors dominate, or capture certain classes of logarithms, it is only through exact NNLO calculations that percent-level predictions are possible. Comparison with the exact NNLO also allows these approximations, and complementary approaches such as merged NLO predictions for W +jets, to be tested. Ref. [13] provided predictions for 8 TeV LHC collisions in the energy region up to a couple of hundred GeV. The estimated theoretical errors for the observables considered were at the few-percent level, suggesting that the perturbative QCD corrections to W +jet production are under excellent control. It is our intent to fully investigate the NNLO QCD corrections to determine the behavior of the perturbative expansion in all interesting phase-space regions. We perform a detailed study of numerous distributions for W +jet production through NNLO in perturbative QCD for both 8 TeV and 13 TeV LHC collisions, with a focus on the high transverse momentum region accessible for the first time at the LHC. These predictions are needed for both ongoing analyses of 8 TeV Run I data and upcoming Run II studies. Results are provided for both the inclusive and exclusive 1-jet bins. We consider both a general selection criterion and a "boosted" selection criterion that mimic the cuts used in previous ATLAS analyses [10, 11] . We describe these cuts in detail in the next section, but note here that they differ primarily in the transverse momentum cut imposed on the leading jet (30 GeV for the general selection, and 500 GeV for the boosted selection). We summarize below our primary findings.
• The fiducial cross sections in the inclusive one-jet bin receive modest NNLO corrections, 3% for the general selection and 15% for the boosted selection. The NNLO shift is within the NLO error estimate, and the residual NNLO scale dependence is at the few-percent level. In the exclusive one-jet bin, the NNLO correction reduces the NLO result by a few percent.
• The W -boson rapidity and leading-jet pseudorapidity distributions receive corrections that have little kinematic dependence, in both the inclusive and exclusive 1-jet bins.
The NNLO shift is within the NLO error estimate and the remaining theoretical error from uncalculated QCD corrections is at the few-percent level.
• The transverse momenta of the W -boson and leading jet in the inclusive one-jet bin receive modest corrections that grow slightly with p T , reaching a maximum of +15% for the tail of the p T distribution. In the exclusive 1-jet bin the NLO distributions become smaller than the NLO result by up to an order of magniutes. The NNLO corrections are much smaller, and remain near unity for all transverse momenta.
• The NNLO corrections to the H T distribution in the inclusive 1-jet bin are large, reaching +75% in the TeV region. We note that the NNLO corrections to the H T distribution are necessary to bring fixed-order QCD predictions into agreement with the 7 TeV data [12] .
• QCD perturbation theory is under good control for the boosted selection after the inclusion of NNLO corrections, except near kinematic boundaries where soft gluon emission dominates.
We conclude that for most observables and phase space regions, the perturbative QCD expansion for W +jet is stabilized after the inclusion of the NNLO corrections; of course, the detailed quantitative results we find are dependent on the selection cuts imposed on the final state. The next step in precision theoretical studies of the W +jet process should combine the electroweak corrections with the NNLO QCD results to facilitate comparisons with high-energy Run II data, where electroweak Sudakov effects become increasingly important.
Our paper is organized as follows. In Section II we summarize the parameters used in our numerical results. We present results for the general selection criteria in Section III, for both 8 TeV and 13 TeV LHC collisions and for numerous distributions in both the inclusive and exclusive one-jet bins. In Section IV we present our numerical results for the boosted selection. We conclude and summarize our results in Section V.
II. SETUP
We discuss here our calculational setup for W -boson production in association with a jet through NNLO in perturbative QCD. We study collisions at both an 8 TeV LHC and a 13
TeV LHC, and consider both the inclusive ≥ 1-jet bin and the exclusive 1-jet bin. Jets are defined using the anti-k t algorithm [14] with R = 0.4. We use CT14 parton distribution functions (PDFs) [15] at the appropriate order in perturbation theory: LO PDFs together with a LO partonic cross section, NLO PDFs with a NLO partonic cross section, and NNLO with a NNLO partonic cross section. We choose the central scale
for both the renormalization and factorization scales, where M lν is the invariant mass of the W -boson and the sum i runs over all reconstructed jets. This dynamical scale correctly captures the characteristic energy throughout the entire kinematic range studied here, which extends into the TeV region. To estimate the theoretical uncertainty we vary the renormalization and factorization scales independently in the range µ 0 /2 ≤ µ R,F ≤ 2µ 0 , subject to the restriction
All numerical results presented include both W + and W − contributions. The following electroweak parameters are used in our numerical results:
The G F electroweak input scheme, in which all other couplings are derived from those shown above, is used.
We consider two selection criteria in this paper: a "general" selection requirement that matches what CMS has used in their studies of the W +jet process at 13 TeV [16] 1 , and a η J 1 the pseudorapidity of the leading jet, and p
T the transverse momenta of the leading jet and the W -boson, respectively. H T is the scalar sum of the transverse momenta of all reconstructed jets. The transverse mass m T is defined as
where φ lν is the angle between the lepton and the neutrino in the transverse plane. All of these distributions begin first at leading order for the W +jet process, and therefore the results presented here are genuine NNLO predictions.
For the boosted selection we impose the acceptance cuts:
The primary change is that the transverse momentum cut on the leading jet has been increased to 500 GeV. For this selection we will study the separation between the W -boson and the closest jet, and between the lepton and the closest jet. The distance is measured using
where φ x denotes the transverse-plane azimuthal angle of particle x.
The NNLO calculation upon which our phenomenological study is based was obtained using the N -jettiness subtraction scheme [13, 17] . This technique relies upon splitting the phase space for the real emission corrections according to the N -jettiness event shape variable, τ N [18] , and relies heavily upon the theoretical machinery of soft-collinear effective theory [19] . For values of N -jettiness greater than some cut, τ N > τ cut N , an NLO calculation for W +2-jets is used. Any existing NLO program can be used to obtain these results. We use the public code MCFM [20, 21] in this study. For the phase-space region τ N < τ cut N , an allorders resummation formula is used to obtain the contribution to the cross section [18, 22] .
An important check of the formalism is the independence of the full result from τ cut N . By now the application and validation of N -jettiness subtraction for one-jet processes has been discussed several times in the literature [13, 23, 24] , and we do not review this topic here.
We note that we have computed each bin of the studied distributions for several τ 
III. NUMERICAL RESULTS FOR THE GENERAL SELECTION
We begin by discussing the fiducial cross sections for both 8 TeV and 13 TeV collisions, assuming the general selection cuts of Eq. (4). The LO, NLO, and NNLO inclusive 1-jet cross sections, as well as the K-factors K NLO = σ NLO /σ LO and K NNLO = σ NNLO /σ NLO , are presented in Table I . For both energies there is an approximately 40% increase of the cross section in going from LO to NLO. We will later see that a significant fraction of this increase occurs for high H T , and arises from the contribution of dijet events that first occur at NLO. The NNLO corrections are more mild, and increase the NLO result by only 3% for the central scale choice. This indicates the good convergence of QCD perturbation theory for the fiducial cross section. The residual errors as estimated by scale variation decrease from the approximately 5% level at NLO to the percent level at NNLO. We note that the corrections here are slightly larger than those found in Ref. [13] , which is due to the fixed scale choice used there. The fiducial cross sections in the exclusive 1-jet bin are shown in Table II . The pattern of perturbative corrections for the exclusive 1-jet bin is different than the corrections seen in the inclusive 1-jet bin. The NLO correction increases the LO result by 19% for 8 TeV collisions, and by 16% for 13 TeV collisions. Including the NNLO terms decreases the cross section by about 3% for both collision energies. The origin of these different corrections are jet-veto logarithms, which are known to have a significant effect on fixed-order cross sections in exclusive jet bins [25, 26] . The relevant logarithm for this process is ln( √ŝ /30 GeV), where √ŝ is the partonic center-of-mass energy and 30 GeV denotes the transverse momentum veto imposed on the additional jets. Our cuts impose the minimum requirement
where p
GeV, indicating that these logarithms are sizable. Although significant, the convergence of the K-factor when including NNLO corrections indicates that the effect of these logarithms on the fiducial cross section are still under control in fixed-order perturbation theory. It would, however, be interesting to compare predictions obtained using the resummation formalism for the exclusive one-jet bin [7, [27] [28] [29] with the NNLO results obtained here. the kinematic boundary at 30 GeV. It would be interesting to compare the fixed-order predictions with those of resummation-improved perturbation theory [7, 27] .
The transverse momentum distribution of the leading jet is presented in Fig. 2 . Shown are the LO, NLO and NNLO distributions, as well as the associated K-factors, for both the inclusive and exclusive 1-jet bins. The first thing to note is the growth of the NLO K-factor with jet p T . It grows above a factor of four for p The additional increase at NNLO is more mild, rising from +5% for p T < 300 GeV, and it gradually grows for higher transverse momenta. We caution that fixed-order scale dependence may not be a good measure of the theoretical uncertainty in phase space regions containing large jet-veto logarithms [25] .
We next consider the distribution of H T , which we define as the scalar sum of the transverse momenta of all jets that pass the acceptance cuts of Eq. (4). The LO, NLO and NNLO results are shown for both collision energies, and for both the inclusive and exclusive 1-jet bins, in Fig. 3 . The giant K-factor at NLO is clearly visible in the inclusive case for both collision energies. The corrections grow to a factor of 100 for H T = 1. T distribution in the exclusive one-jet bin, since there is only one reconstructed jet in this case.
We next study the pseudorapidity of the leading jet in Fig. 4 . At NLO the corrections are flat as a function of pseudorapidity, increasing the LO result by a factor of about 1.4 for both 8 TeV and 13 TeV collisions. The NNLO corrections further increase the result by a few percent, following the pattern of corrections observed for the fiducial cross section.
The estimated theoretical uncertainties decrease from ±5% at NLO to ±1% at NNLO for both collision energies. The corrections in the exclusive 1-jet bin have a similar shape as the corrections in the inclusive 1-jet bin, but a different magnitude. The NNLO correction reduces the result by a few percent, the same result observed for the fiducial cross section. 
IV. NUMERICAL RESULTS FOR THE BOOSTED SELECTION
We next study the cross section assuming the selection cuts of Eq. (6) for 8 TeV LHC collisions. For this set of cuts the leading jet is required to be boosted: p
T > 500 GeV. This is a region of interest in studies of jet substructure [9, 10] . Two distinct categories of events pass these selection cuts: events where the leading jet balances in the transverse plane against a high-p T W -boson, and events with back-to-back jets together with the emission of a soft and/or collinear W -boson. The first type of event occurs at leading order in the perturbative expansion for the W +jet process, while the second type of event first occurs at NLO. We are interested here in the radiation pattern of the W -boson and the charged lepton that comes from its decay when these two event categories are combined. How often are the lepton and W -boson emitted along the direction of a jet, and how stable are these predictions with respect to QCD corrections?
We begin by showing in Table III the fiducial cross sections assuming the cuts of Eq. (6).
The correction when going from LO to NLO is large, reaching 280%, due to the new event category that appears at NLO. The NNLO correction is smaller, and increases the NLO result by 16%. The scale variation decreases from approximately ±20% at NLO to the asymmetric range (+3%, −7%) at NNLO. We note that the NNLO correction is contained within the NLO scale variation band, indicating convergence of the perturbative expansion. Next we study the separation between the charged lepton and the closest jet, as well as the W -boson and the closest jet. The distances are measured using ∆R jl and ∆R jW respectively, where ∆R xy is defined in Eq. (7). The ∆R jW distribution is shown in Fig. (7) .
At leading order the W -boson and jet must be back-to-back in the transverse plane, leading to the kinematic requirement ∆R jW ≥ π. This restriction is relaxed at NLO. While the distribution of events in the ∆R jW < π region is slightly peaked toward lower ∆R jW , it is still fairly broad, indicating that there is no strong enhancement for W -bosons emitted collinear to a jet. In the region ∆R jW < π the NNLO correction varies from +10% to +35% as ∆R jW is increased. The perturbative expansion rapidly changes as the point ∆R jW = π is crossed, with the NNLO correction changing from +60% directly below this value to −20% directly above. This region is sensitive to soft gluon effects, as it represents the leadingorder kinematic boundary. Fixed-order perturbation theory contains a large logarithm of the ∆R jW bin size, and diverges as the bin size is taken to zero. Above this region the NNLO corrections remain at the percent level until the upper phase-space edge is reached.
The NNLO scale uncertainty is approximately ±7 − 10% in the region 2 < ∆R jW < 3, with the larger values occurring for the upper edge of this range. For ∆R jW > π, and away from the LO kinematic boundary, the NNLO scale uncertainty is in the ±3 − 4% range, until it increases near the upper boundary of phase space.
Another interesting quantity to consider is the fraction of events with ∆R jW < 3. This region is separated enough from the LO kinematic boundary to be computed in fixed-order perturbation theory. Defining the fraction F jW = σ(∆R jW < 3)/σ total , we find 
where the superscripts and subscripts indicate the scale-variation error. The majority of events do not feature a back-to-back W -boson and jet, but rather contain predominantly a di-jet configuration with the emission of a softer W -boson. This fraction is stable with respect to QCD radiative corrections. We also show in Fig. 8 the ∆R distribution between the lepton and the closest jet.
The pattern of corrections for this observable is very similar to the result seen for ∆R jW .
Although the LO distribution does not vanish below ∆R jW = π since the lepton is not emitted exactly along the W -boson correction, there are still extremely large corrections below this boundary. In the region ∆R jl < π the NNLO correction varies from +10% to +45% as ∆R jl is increased. The QCD perturbative expansion again shows sensitivity to soft gluon effects near this region. Since at LO the W -boson is highly boosted with p W T > 500 GeV, the lepton is emitted preferentially along the W -boson direction, and the ∆R jl ≈ π region remains sensitive to the kinematic boundary appearing for ∆R jW = π.
Above this boundary the NNLO corrections vary from 7 − 10%, increasing further near the upper kinematic limit where the cross section vanishes. The theoretical uncertainty as estimated by scale variation ranges from 5% to 20% for ∆R jl ≈ π, and is at the 15% level above. We again compute the fraction of events with ∆R jW < 3, finding 
The values and stability in perturbation theory are similar to those found for F jW . 
V. SUMMARY AND CONCLUSIONS
In this manuscript we have performed a detailed phenomenological study of the W +jet process through NNLO in perturbative QCD. We have presented results for 8 TeV and 13
TeV LHC collisions, and for multiple selection criteria: a set of general acceptance cuts and one focusing on the high transverse momentum jet region. Both the inclusive and exclusive one-jet bins have been considered. For most observables studied and in most phase space regions, the QCD perturbative expansion is under good theoretical control. Away from kinematic boundaries the NNLO corrections in the inclusive 1-jet bin are 5% in the bulk of phase space, reaching 15% in the high-p T tail of the leading jet transverse momentum region.
The only exception is the H T distribution, for which corrections reaching 75% in the TeV energy range are still observed. It would be interesting to compare the NNLO predictions with merged samples of W +jets at NLO. Our NNLO calculation for the inclusive one-jet bin contains events with both two and three jets. However, the NLO corrections to the W +multi-jet process are known through W +5 jets [32] . It is therefore possible to include more real-emission contributions to the H T distribution using a merged sample of W +multi-jet events at NLO.
The corrections in the exclusive one-jet bin contain large jet-veto logarithms in the high energy region, and consequently the QCD perturbative expansion is under poorer control. At NLO, the cross section decreases by up to an order of magnitues in the high-p T region. The NNLO corrections improve the situation, and the corrections are much smaller. However, it would be useful to compare these predictions with those obtained from resummationimproved perturbation theory. For the boosted selection, a new phase space region opens up in the ∆R distributions at NLO, leading to large corrections at this order. The perturbative expansion stabilizes when the NNLO corrections are included. There is no strong peak for collinear emission of the W -boson along the jet directioKühnn.
We believe that QCD corrections to the W +jet process are now under good theoretical control. We have indicated several possible future extensions of our results. Analyses of the W +jet process in 8 TeV collisions are ongoing, and studies at 13 TeV have begun. Given the importance of this process for the LHC program, we hope there is continued theoretical investigation using the results presented here as a basis for future work.
